We present extensive ground-based and Hubble Space T elescope (HST ) photometry of the highly reddened, very nearby type Ia supernova (SN Ia) 2014J in M82, covering the phases from 9 days before to about 900 days after the B-band maximum. SN 2014J is similar to other normal SNe Ia near the maximum light, but it shows flux excess in the B band in the early nebular phase. This excess flux emission can be due to light scattering by some structures of circumstellar materials located at a few 10 17 cm, consistent with a single degenerate progenitor system or a double degenerate progenitor system with mass outflows in the final evolution or magnetically driven winds around the binary system. At t∼+300 to ∼+500 days past the B-band maximum, the light 56 Ni as 0.035 ± 0.011, which is consistent with the corresponding value predicted from the 2D and 3D delayed-detonation models. Combined with early-time analysis, we propose that delayed-detonation through single degenerate scenario is most likely favored for SN 2014J.
INTRODUCTION
Type Ia supernovae (SNe Ia) are important tools to measure cosmological expansion (Riess et al. 1998) . The progenitors of SNe Ia are believed to arise from a white dwarf (WD) inhabiting a binary system, with a mass close to the Chandrasekhar limit (Hoyle & Fowler 1960) . However, the explosion mechanisms and binary evolution scenarios for SNe Ia are not well understood (Howell 2011; Maoz et al. 2014 ). The two common scenarios include (i) double-degenerate (DD) with one white dwarf tidally disrupting the WD companion and accreting its material (Iben & Tutukov 1984; Webbink 1984) , and (ii) single-degenerate (SD) where the WD accretes matter from a main sequence star (van den Heuvel et al. 1992 ), a subgiant (Han & Podsiadlowski 2004) , a helium star Geier et al. 2013 ) or a red giant companion (Whelan & Iben 1973; Nomoto 1982; Patat et al. 2011) . One prediction of the SD scenario is that considerable amount of circumstellar material (CSM) should be accumulated around the progenitor system via stellar wind of a companion star or successive nova eruptions, although the DD and core-degenerate models are also argued to be able to form nearby CSM (Levanon et al. 2015; Soker 2015) .
The CSM formed by outflowing materials would result in blueshifted and evolving narrow interstellar absorption features such as the Na I doublet. Variable Na I D absorption was initially reported by Patat et al. (2007) in the spectra of SN 2006X. After that, several SNe Ia also showed variations in the Na I D absorption, including SN 2007le (Simon et al. 2009 ) and PTF 11kx (Dilday et al. 2012 ). There are also some statistical studies showing blueshifted narrow absorption features of Na I D in the high-resolution spectra of some SNe Ia (Sternberg et al. 2011; Maguire et al. 2013; Sternberg et al. 2014) , which are associated with the subclass characterized by higher photospheric velocities (Wang et al. 2009b . Both results indicate that some SNe Ia are surrounded by CSM, favoring their SD progenitor system origin (Foley et al. 2012; Hachinger et al. 2017) .
Another effect due to the presence of surrounding CSM is the extinction along the line of sight and the scattering of the SN light. The CSM can scatter photons back to the line of sight and hence reduce the total extinction and R V (Wang 2005; Goobar 2008 ). Based on analysis of a large sample of Na I doublet absorption features in SN Ia spectra and light curve evolution in the early nebular phase, Wang et al. (2018) provide evidence that SNe Ia with higher photospheric velocity (HV) likely have CS dust at a distance of about 2×10 17 cm, implying that this subclass may have a single-degenerate origin.
Very early observations of SNe Ia are promising ways to constrain their progenitor systems. Different scenarios discuss the diversity of the early evolution of SNe Ia (Kasen 2010; Piro, & Morozova 2016; Maeda et al. 2014; Jiang et al. 2017) . A growing number of SNe Ia with early phase observations have been studied (Zheng et al. 2013; Cao et al. 2015; Marion et al. 2016; Hosseinzadeh et al. 2017; Miller et al. 2018) . SN 2018oh is the only spectroscopically-confirmed normal SN Ia with Kepler Space Telescope high-cadence photometry since explosion (Li et al. 2019) . Detailed studies reveal there is a bump in the early light curve of SN 2018oh, it may stem from non-degenerate companion interaction (Dimitriadis et al. 2019) or 56 Ni radiation from the outer part of the ejecta (Shappee et al. 2019) .
The other way to distinguish the SD and DD scenario is to observe late-time evolution of SN Ia. The early-time light curve of SN Ia is powered by the radioactive decay chain 56 Ni → 56 Co → 56 Fe with half-life t 1/2 ∼ 6 and 77 days, respectively. With the expansion of the ejecta, the column density decreases as t −2 . Therefore, after t∼200 days, the ejecta are almost transparent to γ-rays, and positron emission begins to dominate the heating process (Arnett 1979; Milne et al. 1999) . Assuming complete positron trapping, the light curve at this stage should follow the decay rate of 56 Co, i.e., 0.98 mag per 100 days.
At very late phase, the light curves of some SNe Ia are found to flatten compared to the 56 Co decay, including SN 1992A (Cappellaro et al. 1997) , SN 2003hv (Leloudas et al. 2009 ), SN 2011fe (Kerzendorf et al. 2014) , SN 2012cg (Graur et al. 2016) , ASASSN-14lp (Graur et al. 2018b) , and SN 2015F (Graur et al. 2018a ). Seitenzahl et al. (2009) suggested that the additional energy should come from the long-lived decay chains 57 Co → 57 Fe (t 1/2 ∼ 272 days) or 55 Fe → 55 Mn (t 1/2 ∼ 1000 days). The ratio of these isotopes relative to 56 Ni depends on the density of the progenitor which is different in SD and DD models (Röpke et al. 2012 ). Higher 57 Ni/ 56 Ni mass ratios are predicted by WD models of higher central density. This is because 57 Ni is a neutron-rich isotope which has higher abundance in neutron rich environments such as near-Chandrasekhar-mass, delayed-detonation explosion models (Khokhlov 1989; Seitenzahl et al. 2013) as expected for the single degenerate channel. Therefore, these ratios can provide clues to the progenitor models.
There are also other explanations for the flattening of the light curves. For example, an unresolved light echo, due to scattering of the SN light by nearby CSM or interstellar dust, can naturally increase the luminosity. Fransson & Kozma (1993) suggested that the recombination and cooling time scale is longer than radioactive decay as a result of decreasing density of the ejecta, the so-called "freezeout" effect, which can make the light curves flat at late time. Combining this "freeze-out" effect with the 56 Co decay, Fransson & Jerkstrand (2015) and Kerzendorf et al. (2017) provided reasonable explanations for the very late-time spectrum and light curve of SN 2011fe. SN 2014J is a very nearby SN Ia, the distance being ∼3.53 Mpc (Dalcanton et al. 2009 ). This provides an excellent opportunity to study its progenitor through the detection of dusty environment and the analysis of late-time light curve evolution. This bright SN has been followed up by many instruments, covering γ-rays by INTEGRAL (Churazov et al. 2014 (Churazov et al. , 2015 Diehl et al. 2014 Diehl et al. , 2015 Isern et al. 2016) and Suzaku (Terada et al. 2016 ), X-rays (Margutti et al. 2014) , UV (Brown et al. 2015; Foley et al. 2014) , optical Goobar et al. 2015; Bonanos & Boumis 2016) , near-infrared (NIR) (Marion et al. 2015; Vacca et al. 2015; Sand et al. 2016) , mid-infrared (MIR) (Johansson et al. 2017; Telesco et al. 2015) , and radio bands (Pérez-Torres et al. 2014 ), polarimetric observations have also been presented (Kawabata et al. 2014; Patat et al. 2015; Porter et al. 2016; Yang et al. 2018b) .
The heavy reddening towards SN 2014J has inspired plentiful studies focusing on its dusty environment. With the UV and optical light curves and spectra obtained with Swift, Brown et al. (2015) concluded that the large reddening mainly originates from the absorption features of the interstellar medium (ISM), which is also confirmed by the light echo emerging after ∼200 days (Crotts 2015; Yang et al. 2017) . By measuring the continuum polarization of SN 2014J, Patat et al. (2015) came to a similar conclusion. Amanullah et al. (2014) found that the unusual reddening behavior seen in SN 2014J can be explained by non-standard ISM dust with R V = 1.4 ± 0.1 or by power-law extinction of CSM (Wang 2005) . Foley et al. (2014) used a hybrid model including both ISM and CSM to explain the extinction curve. Graham et al. (2015) identified time-varying potassium lines and attributed them to the CSM origin. Based on the Spitzer MIR data, Johansson et al. (2017) placed an upper limit on the pre-existing circumstellar dust, with M CSM ≤ 10 −5 M and a distance of r ∼ 10 17 cm from the SN. By studying the late-time polarimetry of SN 2014J with the Hubble Space T elescope (HST ) ACS/WFC observations, Yang et al. (2018b) concluded that at least ∼ 10 −6 M of circumstellar dust is located at a distance of 5×10 17 cm from SN 2014J. Yang et al. (2018a) also analyzed the late-time HST photometry and found that both the F 665W -band and the bolometric light curve of SN 2014J exhibited flattening behavior. Recently, Graur (2018) confirms the late-time flattening in F 555W and F 438W bands of HST Wide Field Camera 3 UVIS channel (WFC3/UVIS) .
In this paper, we present extensive photometry of SN 2014J from ground-based telescopes and HST , and analyze the light curve evolution by comparison with other well-observed SNe Ia. Photometric observations are addressed in Section 2. In Section 3, we examine the light curves near the maximum light and in the early nebular phase. In Section 4, we examine the very late-time evolution and explore its possible origins. We discuss and conclude in Section 5. Table 1 are numbered. North is up and east is to the left.
The photometry data were analyzed with the open source online photometry and astrometry codes SWARP (Bertin et al. 2002) , SCAMP (Bertin 2006) , and SExtractor (Bertin & Arnouts 1996) . We performed aperture photometry on the template subtracted SN images with SExtractor. The SN instrumental magnitudes were calibrated using Landolt standards stars. The photometric uncertainties including the Poisson noise of the signal and the photon noise of the local background. The field of SN 2014J taken with LJT is displayed in Figure 1 , the latest template-subtracted image taken by COP on +434 days in V band is displayed in Figure 6 (b), and the final flux-calibrated magnitudes are listed in Table 2 .
HST Photometry
Very late-time photometry of SN 2014J can be extracted from the archival images obtained through the HST WFC3/UVIS programs (Proposal 13626, PI: Lawrence, 14146, PI: Lawrence and 14700, PI: Sugerman). The wavelength coverage of F 438W and F 555W filters is similar to that of B and V band, respectively, as shown in Figure 12 . The information on HST observations is given in Table 3 .
When multiple exposures were available at similar phases in the same filter, we combined them (using SCAMP and SWARP). As for the ground-telescope images, we performed aperture photometry with SExtractor. For each image, we chose a 6-pixel aperture for the photometry which does not include the flux from the light echo. However, for the last-epoch image obtained in HST F 438W filter at +881 days from the maximum light (when the SN had faded enough), we adjusted the aperture size to 4 pixels to avoid background contamination. We applied aperture corrections according to Deustua et al. (2017) to calculate the total flux of the SN. The photometric error added in quadrature includes uncertainties in Poisson noise, background noise and aperture correction. The resulting photometric analysis is presented in Table 4 . From a low order polynomial fit to the near-maximum light curve, we derive B max = 11.92±0.03 mag, t Bmax = JD 2456690.1±0.1 day, and ∆m 15 (B) obs = 0.98±0.01 mag. Our measurement is consistent with the result reported in Foley et al. (2014) and Srivastav et al. (2016) . However, SN 2014J suffers from large reddening which shifts the effective wavelength red-wards. The intrinsic decline rate parameter derived by Phillips et al. (1999) is ∆m 15 (B) true ∆m 15 (B) obs + 0.1 × E(B − V ) obs According to Schlafly & Finkbeiner (2011) , the Galactic reddening towards M82 is E(B − V ) M W = 0.138 mag. However, as pointed by Dalcanton et al. (2009) , this estimate may be strongly contaminated by point source emission from M82 itself. They suggested a lower value of E(B − V ) M W = 0.059 mag on the Schlegel et al. (1998) scale, which is close to the value used by Amanullah et al. (2015) . Converting to the Schlafly & Finkbeiner (2011) scale with a factor of 0.86, the final Galactic reddening adopted in our analysis is E(B − V ) M W = 0.052 mag with the classic reddening law of R V = 3.1 (Cardelli et al. 1989) , consistent with that used by Foley et al. (2014) .
Several studies discussed the total reddening towards SN 2014J but did not come to a consistent conclusion (see below). In our study, we adopt a model-independent reddening E(B − V ) obs =1.19 ± 0.14 mag with a reddening law of R V = 1.64 ± 0.16, as in Foley et al. (2014) . Therefore, the reddening-corrected ∆m 15 (B) true is 1.10 ± 0.02 mag for SN 2014J, similar to those of SN 2003du (1.04 ± 0.02 mag, Anupama et al. 2005 ; 1.02 ± 0.05 mag, Stanishev et al. 2007 ), SN 2005cf (1.07 ± 0.03 mag, Wang et al. 2009a) , and SN 2011fe (1.18 ± 0.03 mag, Zhang et al. 2016) . somewhat flatten at t∼+40 days, and shows emission excess relative to the compared SNe Ia with similar ∆m 15 (B). The deviation in the B band is evident, while this trend is less prominent in the Vband. The decline rates measured during the period t∼50-110 days are tabulated in Table 5 . Previous works suggest that SN 2014J is a normal SN Ia, except for the higher velocity of the ejecta (Zhang et al. 2018) , this flattening effect may be related to dust scattering of the SN light, as suggested by Wang et al. (2018) .
In the following analysis, we attempt to model the B-band emission excess with additional SN photons scattered back by dusty medium, i.e. a light echo. In this scenario, we adopt a single scattering approximation following the procedure described in Patat (2005) . If d is the distance between SN 2014J and the observer, we can assume that c∆t d, where c is the speed of light and ∆t is the duration of the SN radiation. As d is much larger than other geometrical quantities considered here, at any moment, the distribution of the scattered photons along the line of sight can be approximated as a paraboloid with the SN locating at its focus. L λ (t) is the luminosity of the SN at wavelength λ and
2 is the corresponding flux. Thus the flux of the scattered light at a given delay time t is:
In the above expression, the kernel function f (t) includes all the physical and geometrical information of the dust and is expressed as:
where ϕ and z are defined as in Fig. 1 of Patat (2005) , C ext is the extinction cross section, ω is the dust albedo, θ is the scattering angle, n is the number density of the dust particles, r(= z + ct) represents the distance between the SN and the dust volume element and Φ(θ) is the scattering phase function satisfying 4π Φ(θ)dΩ = 1. Both ω and Φ(θ) are wavelength-dependent (Weingartner & Draine 2001; Draine 2003) .
To obtain the total flux received by the observer, the F λ (t) is added to the flux coming from the SN directly:
Here τ d is the optical depth of the CSM along the line of sight , while τ I is the optical depth of the ISM.
Analytical Fitting
We apply the above model to the light curves of SN 2014J. The shape of F SN,λ (t) can be approximately represented by a flux distribution of a unreddened SN with similar ∆m 15 (B) and spectral evolution. Srivastav et al. (2016) found that SN 2014J shares similarity with SN 2003du, except that the latter suffers negligible extinction (Anupama et al. 2005 ). Therefore we use the B-band light curve of SN 2003du, after shifting the peak magnitude to match the corresponding values of SN 2014J, as input light curve template to calculate F B (t). F T,λ (t) is the flux distribution of SN 2014J by definition. Assuming that the equation (2) is Gaussian, the kernel function f (t) can be simplified as: where τ represents the time delay of arrival of scattered light compared to direct light, which is related to the distance and distribution of the dust. The standard deviation σ is related to the physical size of the dust region responsible for the light echo. A is the scale factor to measure the strength of the light echo. We substitute equation (4) into equations (1) and (3) and then fit t in the range of [−8, 150 ] days 1 . The best-fit parameters and 1-σ error listed in Table 6 are A = 0.12 ± 0.03, τ = 64 ± 8 days and σ = 26 ± 8 days. Hence, we obtain cτ = 64 ± 8 light days (or ≈ 1.7 ± 0.2×10 17 cm). Figure 4 shows that the light echo begins to emerge at around 20 days and increases to the peak value (∼30% of total flux) at around 90 days. The distance between the SN and the center of the dust shell is calculated as:
Thus the dust distance from the SN can be estimated as R > cτ /2 = 8.3 ± 1.0 ×10 16 cm. More accurate estimation of distance relies on the information about the structure of the dust responsible for the scattering. In our analysis we consider two scenarios in our analysis, spherical shell and disk-like geometry (see Section 3.3, for the latter case). We first assume that the dust cloud is a spherical shell around the SN. According to the fitting result, f (t > 100days) 10 −2 day −1 , the outer boundary of dust shell is thus inferred as r o < 100 light days (or < 2.6 ×10 17 cm). Therefore the dust should be of CS origin. Amanullah & Goobar (2011) suggest that the minimum radius for the CS dust around SNe Ia should be ∼ 10 16 cm because of radiant evaporation. We use the mass limit from Johansson et al. (2017) to calculate the inner boundary radius r i of the dust shell. The dust shell should be formed by stellar winds and its density ρ ∝Ṁ wind v wind r 2 . Given a mass loss rateṀ wind ∼ 10 −7 M yr −1 (Nomoto et al. 2007 ) and a stellar wind velocity v wind ∼ 100 km s −1 , the mass of CSM can be expressed as
where, r i is the radius of the inner boundary of the dust shell. The analysis of Johansson et al. (2017) suggests that the pre-existing CSM has a mass M CSM ≤ 10 −5 M within r ∼ 10 17 cm. That requires (r o − r i ) ≤ 2.5 × 10 15 cm, consequently, implying that the dust shell should be very thin. However, putting these estimates and the typical values of C ext , ω, Φ(θ) (Weingartner & Draine 2001; Draine 2003) and n into equation (2), the resultant f (t) would be too small to produce a significant light echo as seen in SN 2014J. Thus, a spherical dust shell seems unlikely for SN 2014J.
Monte Carlo Fit
We run a Monte Carlo simulation to fit the B-band light curves of SN 2014J. Mie scattering theory (Mie 1908 ) is used in the calculations of the scattering process (Hu in prep.). Adopting the distribution derived by Nozawa et al. (2015) (assuming an average radius for the dust grain of about 0.036 µm), the size distribution of the dust is expressed as where r is the radius of a dust grain, ranging from 5 to 500 nm. We adopt a 0 = 4.0, b 0 = 7.5 and r 0 = 0.04 µm in order to give size distribution similar to Nozawa et al. (2015) . As for the geometric distribution, we consider a disk structure for the dust shell. There are five free parameters to describe the disk (Nagao et al. 2017) , including the observing angle θ obs , the opening angle of the disk θ disk , the inner radius R in , the width of the CSM R wid , and the optical depth in the B band τ B . The radial distribution of the dust density is assumed to have an index n = −2 (i.e., ρ dust (r) = ρ dust (r in )(r/r in ) −2 ). The ranges of these parameters are in Table 7 . We adopt silicate grains for our dust model. Following the procedure described in Section 3.2, the B-and V -band light curves of SN 2003du were used as templates in the calculations.
There is a degeneracy between different combinations of the above parameters, i.e., different sets of parameters produce similar light curves. Thus, we list in Table 8 four sets (two groups, Disk 1 and Disk 2 with θ disk =15
• and 30
• , respectively) of parameters, producing light curves similar to SN 2014J.
The B-band observed light curve of SN 2014J and the best-fit model are shown in Figure 5 . The flux excess in the B-band light curve is well fitted by our simulation. The scattered SN light emerges after t∼+20 days, and becomes progressively stronger (Disk 2), reaching the peak around +80 sim +100 days (Disk 1). However, in the V -band, the scattering effect is much smaller than that seen in the B band. The magnitude difference between +10 days and +80 days of these two SNe Ia cannot be explained by our model. The scattered light barely affects the light curves at longer wavelengths, as shown in Figures 5(c) and (d) . Therefore, we suggest that the diversity of the two SNe in R and I bands may be mainly due to their intrinsic specificity. However, we caution that the high degeneracy of our model prevents us from analyzing more quantitatively the CSM distribution. The CSM for such a geometry can be formed when the wind of the red giant companion concentrates on the equatorial plane. However, Margutti et al. (2014) , Kelly et al. (2014) , Pérez-Torres et al. (2014) and Goobar et al. (2014) found the companion of SN 2014J is unlikely to be a red giant star with steady mass transfer or a luminous symbiotic system such as RS Ophiuchi (Dilday et al. 2012) . Fainter recurrent novae are still possible candidates for the progenitor system of SN 2014J. On the other hand, some variations of the DD scenario might also form disk-like dusty CSM, e.g. mass outflows during rapid accretion during the final evolution (Guillochon et al. 2010; Dan et al. 2011) and magnetically driven winds from the disk around the WD-WD system (Ji et al. 2013 ).
We examined the very late time evolution of SN 2014J, based on the HST observations. The images taken with the HST WFC3/UVIS in F438W and F555W bands, centering at the position of SN 2014J, are chronologically displayed in Figure 6 . In Figure 7 , we compare F438W-and F555W-band photometry with the F475W-and F606W-band photometry obtained with HST ACS/WFC (Yang et al. 2018a ). Our first two epochs photometry are consistent with the values reported in Yang et al. (2017) 2 . The HST magnitudes obtained in the F555W and F606W bands are in agreement with each other from t∼200 days to t∼1000 days, while some discrepancy exists between the F438W-and F475W-band magnitudes.
We combined our data taken after t∼ 300 days with those obtained with the HST /WFC mentioned above to construct the pseudo-bolometric light curve in the wavelength range from ∼3500Å to ∼9000Å, following the same procedure as Yang et al. (2018a) with the warped spectra (see step (5a) in Yang et al. (2018a) Section 3.1). The pseudo-bolometric light curve is shown in Figure 8 . The spectral evolution of SN 2014J is similar to SN 2011fe, and there is only minor evolution between the spectra of SN 2011fe taken at +576 days (Graham et al. 2015a ) and +1016 days after B band maximum. Therefore we use the spectrum of SN 2011fe at +1016 days to calculate the luminosity of SN 2014J for phases later than ∼ +500 days after maximum. The bolometric light curve has been corrected for both the Galactic and host-galaxy extinction, and a distance of 3.53 Mpc (Dalcanton et al. 2009 ) is adopted in the calculation. The Galactic and host-galaxy extinction has been corrected (see Section 3). The decline rates measured at different phases for SN 2014J are listed in our Table 9, consistent with Table 3 mag/100d), from ∼+300 days to ∼+500 days. After ∼+500 days, the decline rate decreases to reach 0.40 ± 0.05 mag/100d when approaching ∼+1000 days after the maximum. The fact that the very late-time light curve drops slower than the 56 Co decay implies that there are other power sources besides radioactive decay energy from 56 Co. In the following we analyze these two periods separately.
4.1. Pseudo-Bolometric Light Curve between ∼+300 days and ∼+500 days
As shown in Figure 8 , the bolometric light curve of SN 2014J declines faster than the 56 Co decay. The late-time luminosity evolution of SN 2011fe (Dimitriadis et al. 2017 ) and SN 2015F (Graur et al. 2018a ) are also shown for comparison. These two SNe also show faster decline rate compared to 56 Co decay during this period. The last measurement (at 1181 day) in Yang et al. (2017) is also plotted in Figure 8 . The luminosity evolution of SN 2014J shows a transition at t∼+500 days, also Figure 6 . HST images of SN 2014J. We label the corresponding phase at the top right corner of each image. The SN can be clearly seen in the images taken as late as +881 days after the B-band maximum. The light echo is visible in the bottom left quadrant of the F438W-band images taken on +365 days and +533 days. We also display the central part of the latest ground-based, template-subtracted V -band image taken with the COP 1.82 m telescope on +434 days in the F555W sequence. reported for SN 2011fe (Dimitriadis et al. 2017 ). Before and after this period the light curve declines linearly but with a different rate, as shown in Figure 8 . Between ∼+200 days and ∼+500 days, SNe Ia are believed to be mainly powered by electron/positron annihilation (Childress et al. 2015) . If the positrons are completely trapped by a magnetic field, the decline rate should follow the decay rate of 56 Co. The faster decline rate can be explained by a weak or radially combed magnetic field (Milne et al. 1999 ). However, Crocker et al. (2017) argued that the positron annihilation signal observed in Milky Way requires a stellar source of positrons to have an age of 3-6 Gyr, strongly against significant positron escape in normal SNe Ia. Additionally, previous analysis of late-time observations of SNe Ia does not favour positron escape (Leloudas et al. 2009; Kerzendorf et al. 2014 ). An alternative explanation for this faster decline rate is the evolution of emission lines. The nebularphase spectra of SN 2014J are available at t∼ +269, +351, +428 and +473 days (Srivastav et al. 2016; Zhang et al. 2018) , as shown in Figure 9 . Overplotted are three nebular spectra of SN 2011fe, taken on +347 days (Mazzali et al. 2015) , +463 days (Zhang et al. 2016 ) and +576 days (Graham et al. 2015a) , respectively. All the spectra were downloaded from the WISeREP archive 3 (Yaron & GalYam 2012) . All spectra are flux-calibrated using the late-time ground-based and HST photometry, with accuracy of about 0.03 mag. At these late phases, the main nebular emission features are blends around [Fe II] λ4400, [Fe III] λ4700 and [Fe II] λ5200. The λ4700 feature tends to become weak in both SN 2014J and SN 2011fe during the period from t∼300 to t∼500 days. In the +576d spectrum of SN 2011fe, this emission completely disappears. Considering the similar spectral evolution of SN 2011fe and SN 2014J, the λ4700 and the λ5200 features should vanish in SN 2014J at a similar phase. In Figure 10 we over plot the transmission curves of five HST filters with the +428 days spectrum, it is evident that the ACS/WFC F 775W filter does not cover the fast-evolving spectral features. Thus the F775W-band light curve is expected to declines at a much slower rate than other bands during this period (see Table 4 ). Therefore, the evolution of the prominent spectral features can affect the decline rate of the pseudo-bolometric light curves, which explains the faster decline of the bolometric light curves seen in SN 2014J and SN 2011fe. The ratio of λ4700 and λ5200 emission blends can be considered a proxy of ionization degree. The decrease in the ejecta temperature leads to a smaller ratio of λ4700/λ5200 (and hence a lower ionization). 
Pseudo-Bolometric Light Curve after ∼+500d
After t∼500 days, the luminosity of SN 2014J declines more slowly than SN 2011fe and SN 2015F, as well as the 56 Co decay, as also noticed by Yang et al. (2018a) . However, the complete trapping of positrons cannot explain this flattening in the light curve of SN 2014J. In addition to the decay of 56 Co, several energetic mechanisms can affect the late-time evolution. For instance, leptonic energy from Auger and internal conversion electrons produced by the decay chain 57 Co → 57 Fe can slow down the late-time bolometric light curve of SNe Ia (Seitenzahl et al. 2009 ). Besides, the "freeze-out" effect can also have a similar consequence (Fransson & Kozma 1993) . If there is a WD companion left after the supernova explosion, the energy released by the delayed radioactive decays of 56 Ni and 56 Co from surface of the surviving WD can also contribute to the late-time SN light curve (Shen, & Schwab 2017) . Nevertheless, it is not easy to distinguish different possible scenarios due to the lack of spectra after ∼ 500 days. Below we explore the possibility that the late-time flattening stems from long-term decay chain 57 Co 
Since we have no infrared data at late time, we assume the pseudo-bolometric luminosity to be proportional to the bolometric luminosity. As the ejecta of supernova expand, the γ-ray optical depth decreases rapidly as t −2 , and can be neglected after 600 days (Milne et al. 2001) . Therefore our fit is restricted to data taken after 650 days. Other power sources (light echo, light from the companion, etc.) are not included. The time-dependent contribution expression of each isotope with atomic number A {55, 56, 57} is :
where
, M (A) is the total mass of the element with atomic number A, q l A and q X A are the average energies carried by charged leptons and X-rays per decay, respectively. We adopt the values from Table 1 in Seitenzahl et al. (2009) , including energies from Auger e − , internal conversion e − and e + . We assume full trapping of the charged leptons and X-rays, thus f Al = f AX = 1. In Equation (7) only the M(A) is a free parameter for each isotope.
We then fit the light curve to get the 57 Ni/ 56 Ni mass ratio and compare it with simulations in the literature. Firstly, we regard the mass of all three isotopes as free parameters. The derived 57 Ni/ 56 Ni ratio is 0.124 ± 0.041, which is 5 times the solar value, ( 57 Fe/ 56 Fe) = 0.023 (Asplund et al. 2009 ). This value is also much larger than that given by 2D (0.032-0.044; Maeda et al. 2010 ), 3D delayed detonation models (0.027-0.037; Seitenzahl et al. 2013 ) and the violent merger models (0.024; Pakmor et al. 2012) . Additionally, the derived mass of 56 Ni, ∼ 0.18 M is significantly lower than the typical value of SNe Ia (i.e., about 0.6 M ). This means that the full trapping of charged leptons is not a realistic hypothesis.
We account for lepton escape by adopting
, where t l A is the time when the optical depth for leptons becomes unity. We choose t l 56 = 249 days and t l 57 = 812 days from Case 1 in Dimitriadis et al. (2017) . We take t l 55 = t l 57 because 55 Fe and 57 Ni both decay without production of positrons (see Table 1 in Seitenzahl et al. 2009 ). The final fitting result is displayed in Figure 11 . Our updated fitting gives M56 N i = 0.68 ± 0.12 M and 57 Ni/ 56 Ni = 0.035 ± 0.011. Our estimate of the mass of 56 Ni is fully consistent with the results from Srivastav et al. (2016) , Telesco et al. (2015) and Churazov et al. (2014) . While the 57 Ni/ 56 Ni ratio is about half of the value reported in Yang et al. (2018a) , although they assume no leptons escape and fixed 57 Ni/ 55 Ni = 0.8 in their calculations. Our new result is consistent with both 2D and 3D delayed-detonation simulation mentioned above, but it is inconsistent with the violent merger model.
CONCLUSIONS
In this paper, we presented extensive photometric observations of SN 2014J collected from numerous ground-based telescopes as well as HST . The resulting light curves range from ∼ −9 days to ∼+900 days from the maximum light, representing one of the few SNe Ia having such late-time observations. Our result confirms that SN 2014J is similar to a normal SN Ia around the maximum light, while it is distinguished by prominent blue-band emission in the early nebular phase. This excess emission can be well explained by additional SN light scattered by a disk-like CS dust located at a distance of a few times ∼ 10 17 cm. The CS dust of such a geometry can be formed by faint recurrent novae systems, although some DD scenario channels, such as mass outflows in final evolution or magnetically driven winds from the disk around the WD-WD system, cannot definitely be ruled out.
From t∼+300 to +500 days, the luminosity of SN 2014J shows a fast decline compared to the 56 Ni decay. After examining the evolution of the late-time spectra, we suggest that this behavior can 
Obs. be attributed to the evolution of [Fe III] λ4700 and [Fe II] λ5200 emissions, instead of the positron escape. We further analyze the very late-time HST images of SN 2014J and confirm the late-time flattening of the light curve seen around t∼+500 days. We fit the pseudo-bolometric light curve using a combination of radioactive decay isotopes 56 Ni, 57 Ni and 55 Fe. The derived 56 Ni mass is in agreement with previous works, and the 57 Ni/ 56 Ni ratio is consistent with that predicted by the 2D and 3D delayed-detonation model simulations. Combined with the additional evidence from the excess emission in the blue band in the early nebular phase, we argue that the delayed-detonation through the SD scenario is favoured for SN 2014J. However, we caution that without late-time infrared observations we do not know the real flux fraction of the optical bands, and the pseudo-bolometric luminosity curve possibly do not represent the real bolometric luminosity evolution. Future late-time photometry and spectroscopy observations, especially those redward the optical bands, will help to discriminate among different explosion mechanisms and progenitor systems of SNe Ia. Table 6 . Best-fit Parameters of equation (4) A τ (days) σ(days) 0.12 ± 0.03 64 ± 8 26 ± 8 Wavelength ( 
